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a b s t r a c t
We demonstrate a simple illumination system based on a digital mirror device which allows for fine control overthe power and pattern of illumination. We apply this to localization microscopy (LM), specifically stochasticoptical reconstruction microscopy (STORM). Using this targeted STORM, we were able to image a selected areaof a labelled cell without causing photo-damage to the surrounding areas of the cell.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
In recent years, the Abbe limit restricting the resolution of opticalsystems to the diffraction limit has been overcome [1]. There havenow been many independent solutions to this century old puzzle andthese include, but are not limited to, Structured Illumination Microscopy(SIM) [2,3]. Stimulated Emission Depletion Microscopy (STED) [4]and, Localization microscopy (LM) [5,6]. In LM the inherent relativestabilities of the optical bright and dark states within a molecule aretuned to allow only a small subset of the molecules under study to beoptically active at any point in time. This is then used to reduce thedensity of emitting molecules to the point where each emitting moleculeis separated by a distance greater than the diffraction limit, essentiallymaking the single molecule resolvable.By fitting the corresponding image of each emitting molecule tothe point spread function (PSF) of the optical system the location ofthe molecule can be determined to within a few nanometres [7]. Theemitting molecules are then returned to their dark state or a bleachedstate and a different subset of molecules are activated. This processis repeated until a substantial number of single molecules have beenlocalized. The localizations are used to build a molecular map withnanometre resolution of all the molecules of interest.LM along with the other techniques mentioned above have begun toprovide novel insights into biological systems [8]. However, in generalthe increase in resolution comes with an increase of photo-toxicity, forexample LM, which has the highest resolution of the techniques requiresvery high laser power densities in the order of 15 kW cm−2. The increase
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in optical power has significant problems for imaging live cells due toincreased photo-damage [9].To follow the time progression of biological process using LMresearchers have used a variety of methods to follow natural processesin living system, an elegant example is the work by Holden et al. [10].In that work, they developed a high throughput LM microscope whichimaged hundreds of bacteria per super resolution frame, with each framerecorded at a different sample location. Furthermore, each frame wassynchronized to the life cycle of the bacteria under observation. Thisallowed them to image over time the nanoscale organization of thebacterial cell division protein FtsZ in a live system. While this workwas incredibly useful at allowing LM to follow growth progression in asynchronized culture where changes over time in different cells can beassumed to represent the changes that also are occurring with a singlecell, it is difficult to apply this technique to look at changes occurringwithin a single cell over time since continued imaging of the whole cellresults in cell damage or death.As a large amount of power is needed for LM microcopy it wouldbe ideal to identify a region of interest, such as single bacteria or asub region of a eukaryotic cell and during an experiment locally imagethe region of interest (ROI) using a super-resolution technique, whileleaving the surrounding regions unperturbed. This requires a great dealof control from the illumination system used in the imaging platform.There are several ways to control the power delivered to a sample withthe most common used in microscopy being a spatial light modulator(SLM) which is generally either a liquid crystal based device whichmodulates the phase [11] of the signal or a digital mirror device (DMD)which allows an ON/OFF modulation [12].
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Using SLMs such as twisted nematic or ferroelectric Liquid Crystalon Silicon (LCoS) and DMD, the user can achieve precise control overthe illumination pattern and intensity, also, enabling selective lightdetection from specimen. Although these varieties of available SLMsare quite similar in their function to projecting patterned light ontothe sample, the DMD may be considered to be more advantageous,for controlling power delivered to a sample, when compared to itscounterparts because of higher contrast ratio, larger spectral range and,higher speed. The DMD allows us to control programmably the sourceand the detection aperture in 2D to achieve the best signal. In this workwe use a DMD based laser illumination system to deliver the high powerdensities to specific areas of the sample plane of a LM microscope.
2. Experimental setup
A DMD device consists of an array of mirrors which can be switchedbetween two states, in the DMD used in this work, one state sets a mirrorat +12◦ to the normal axis of the DMD chip and one state sets the mirrorto −12◦ to the normal. This allows light incident on a mirror to bereflected at either +12 or −12◦. For the rest of this work we definedthe +12◦ state as being ‘ON’ and the −12◦ state as being the ‘OFF’ state.The illumination system used in the work is based on the dual pathprogrammable array microscope (PAM) by Heintzmann et al. [13] asshown in Fig. 1. This optical design allows us to define an ‘ON’ and ‘OFF’path with each path being associated with a camera and illuminationsource. Light from the illumination source on the ‘ON’ side is directedby ‘ON’ pixels on the DMD towards the image plane of the microscopewhile ’OFF’ pixels on the DMD direct light from this path to a beamstop. In contrast, light from the ‘OFF’ side is directed to the microscopeby ‘OFF’ DMD pixels while ‘ON’ pixels are sent to a beam stop.In this work a Texas Instruments DLP7000 [14] DMD chip controlledthrough a ViALUX controller board [15] was programmed using Mat-lab [16]. The combination of these elements allows us to display 1 bit1024 by 768 pixel images at frame rates of roughly 23 kHz and 8 bitgreyscale frames at 300 Hz [15]. In a 1 bit image each pixel is definedas ‘ON’ or ‘OFF’ as described above. For 8 bit images the DMD works as apulse width (PWM) based optical modulator and allowing us to changethe amount of power delivered to the sample, with the PWM ‘ON’ timeof each mirror being defined by a value between 0 and 255, with 0 being100% ‘OFF’ and 255 being 100% ‘ON’.A Nikon Ti-E inverted microscope was used as the base for thesystem and the illumination system focused the DMD image plane at theexternal focal plane of the microscope. Images projected at this planeare then relayed to the sample via the objective lens which de-magnifiesthe image by the combination of the tube lens and the microscope’sobjective lens. In this work, the objective lens used was a Nikon 100xApoTIRF oil objective. The fluorescence, collected by the objective lens,from the sample was then directed back along the original illuminationpath and collected using one of the cameras. Light from the ‘ON’ and‘OFF’ paths was collected by two Andor Zyla CMOS cameras, one on eachpath. Using a low pass dichroic filter before the objective it was possibleto illuminate the sample with light from the DMD and collect the lightfrom the sample on the back port of the microscope, i.e. negatingthe return path via the DMD. Light collected at the back port of themicroscope was images using an Andor EMCCD iXon. Here it is worthnoting that the fluorescence from sample because of light projectedusing the ‘ON’ path will be imaged using the ‘ON’ camera, ‘OFF’ pixelswill direct fluorescence towards the ‘OFF’ camera, such that the ‘ON’camera will only contain fluorescence from the ‘ON’ pattern projectedonto the sample.For example, in Fig. 1 an image of a heart is displayed on the DMDlight from the illumination source in the ON path projects an image ofthe heart on to the sample plane of the microscope. Fig. 1(B) shows theimage recorded by the camera on the ON path. This is light collectedfrom the sample which is reflected off the DMD and collected by the ONcamera. It should be noted that the image on the DMD acts as a spatial
Fig. 1. (A) The optical path for the DMD based illumination system. The ON (blue) andOFF (green) channels, are at + and −12◦ to the DMD, each path way contains both anillumination source and a camera. The red path way depicts the optical path from theDMD to the sample, this pathway also contains a camera (cam) and illumination source(las) which can be either a laser or LED system. As an example, if the ON path lightsource is turned on and a image is displayed on the DMD, for example a heart, an image isprojected though the illumination optics on to the sample plane of the microscope. Fig. 1B, C, and D shows the images collected on the ON, OFF an backport cameras respectively.(For interpretation of the references to colour in this figure legend, the reader is referredto the web version of this article.)
filter on the return path. As the DMD acts as a spatial filter only lighthitting the DMD’s OFF pixels is collected by the OFF camera. Becausethe light hitting the sample comes from the ON path only out of focusor scattered light is detected on the OFF camera. Fig. 1(C) shows theimage collected by the camera on the OFF path, it shows the out of focuslight from the sample being illuminated. The patterned illuminated atthe sample plane is collected by the camera on the back port of themicroscope and is given in Fig. 1(D).NIH 3T3 cells were grown in standard conditions (10% Fetal BovineSerum in DMEM + Penicillin-Streptomycin on tissue culture dishes at
37 ◦C). For transfection, 5 × 104 cells/well were plated onto 13 mmcover slips in 24 well plates and incubated overnight before of NrCAM-HA plasmid [17] was introduced using Lipofectamine-2000 (11668019,Invitrogen) according to suppliers’ recommendations. The cells werefixed the following day (after 18–24 h at 37 ◦C) using 4% Paraformalde-hyde (PFA) in 0.1M phosphate buffer at pH7. Immunolabelling wasperformed as described [18] NrCAM tagged with HA was detected byanti-HA rat monoclonal (11867423001, Sigma Aldrich; 1:1000 in PBS,0.05%TX100, 3% normal goat serum (PBST/NGS), incubated overnightat 4 ◦C), which in turn was detected by Alexa Fluor 647 Goat Anti-RatIgG (A21247-Thermo Fisher Scientific) secondary antibody (1:200 inPBST/NGS, incubated 1–2 h in dark at room temp). Antibody solutionwas removed and the cells were washed in PBST for 3 washes of 20 min.Coverslips were mounted on microscope slides using STORM buffer
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(below) and imaged immediately. For STORM imaging, coverslips needto be mounted over 2 or 3 drops of STORM buffer. STORM buffer for thisstudy is prepared by mixing 100 millimolar monoethanolamine (MEA),0.5 mg/ml glucosidase, 40 μg∕ml catalase and 10% w/v glucose in PBSsolution [19].As previously mentioned STORM requires individual molecules tobe isolated, this is achieved by placing most dye molecules in to a darkstate, this requires high illumination densities. As such the illuminationsource for STORM measurements requires a high-power light source,the power of the laser must cover a significant area of the DMD, assuch a 7 W multi line laser from Cairn-Research was used. Up to 4 W of635–645 nm light from the laser was focused on a 400 μm optical fibre,the light emitted from the opposite end of the fibre was collimated togive a 4 mm diameter circular illumination spot which was projectedon to the DMD. The laser light was delivered to the DMD via the ONoptical path as discussed above. The 4 mm laser spot does not completelycover the DMD, although this limited the area of the DMD that couldbe used this still covered 75 000 pixels and allowed us a higher powerdensity at the sample. The 4 mm diameter laser spot once projected ontothe sample through a 100× Nikon SR lens produced a 40 μm diameterspot. Once the area of the DMD containing the laser spot had beenidentified, it was possible to build a series of images which could beused to illuminate the sample. These patterns could be single valuebitmaps used to control the laser power delivered to the sample, forexample to allow us to easily switch between a lower power mode forselecting sections of the sample of interest (epifluorescence) or highpower for performing localization microscopy. However, the patternscould also be more complicated allowing different sections of the sampleto be illuminated with different laser powers. Each pixel on the DMD is
13 μ2m, after being de-magnified on to the sample by the microscope,this would be 130 nm in size being smaller than the diffraction limitthe resulting spot would be equivalent to the point spread function ofthe microscope. For targeting power to the sample, we can excite thesample from any DMD pixel meaning that we can illuminate any featuredown to the diffraction limit of the microscope. In this work, the limitingfactor in the maximum size was the area of the laser spot on the DMD.The 130 nm effective pixel size for illumination means that a single pixelillumination could be used for confocal illumination. However, to definepatterns on the sample using the DMD the minimum feature size wouldbe 3 DMD pixels corresponding to 390 nm.For the two camera attached to the DMD illumination system ( theON and OFF paths) the pixel size is effective pixel size if 65 nm. Eachpixel is 6.5 μm in size and the optical magnification of the system is 100×.For these cameras, the images were binned 2 × 2 to give effective pixelsizes of 130 nm. The camera mounted at the rear illumination port of themicroscope has a pixel size of 13 μm and with the 100X magnification theeffective pixel size is 130 nm. The use of effective pixel sizes between100 and 150 nm for STORM is common. With the PSF of the systembeing on the order of 300 nm the signal from a single molecule is spreadof more several pixels. This allows the PSF to be fitted with a Gaussianfunction. If the effective pixel size it too big the PSF would be confinedto a single pixel and it would be impossible to fit the emission from asingle molecule to a Gaussian. If the effective pixel size is to small thenthe signal from a single molecule is spread over many pixels, althoughthis increases the number of data points the Gaussian can be fitted to italso reduces the signal to noise for each pixel as the number of photoscollected per pixel is reduced. It is common in localization microscopyto use effective pixel sizes at or around 100 nm.The advantage of STORM over confocal microscopy is the increasedresolution. However, there are significant disadvantages, these includereduce imagining speed and increased phytotoxicity. Using a DMD basedsystem it should be possible to assign different regions of interest todifferent imaging modalities. Performing STORM on one area of thesample and confocal [20] or Structured illumination microscopy toanother region [21].
Fig. 2. The ability to deliver controlled power is vital. Part (A) shows the pattern projectedon to the DMD, illumination from the ON path. Part (B1 and 2), the image captured bythe camera on the ON path (B1) and the OFF path (B2). Part (C) is an image collected bythe camera on the backport of the microscope.
3. Discussion
To demonstrate the ability to control power in the system weprepared a coverslip with a thin layer of Alexa 647. This provided auniform photoluminescence sample which can be used to quantify thepatterns projected on to the sample. Fig. 2 shows an 8-bit gradientimage, the gradient has value ranges from 0 to 255. Where a 0 representno power being projected to the sample and 255 represents the full laserpower being projected. Values between 0 and 255 represent an amountof time the sample is illuminated, with 127 illuminating the sample for50% of the time. Part (A) shows the 8-bit image projected on to thesample it consists of a square gradient on a solid black back ground.Parts (B1) and (B2) are the images collected from the ON and OFF paths,the patterns produced are similar to each other. The light collected onthe backport part (C) is a direct measurement of the photoluminescencefrom the sample as shows that the gradient is replicated on the sample.Due to an astigmatism caused by the low pass dichroic filter being usedthe image has a slight blur. The light collected by the camera on the‘ON’ path is sharp and in focus and clearly shows the gradient. It shouldbe noted that light from the sample is also reflected by the DMD so fora DMD pixel set to a value of 127 only half the light from the samplereaches the camera. These images demonstrate one of the disadvantagesof the DMD system be used for collection and illumination. With a DMDpixel set to a value of 255 light 100% of the light (ignoring losses)is directed to the microscope and 100% of the light returned fromthe sample is directed to the camera. However, for a DMD value of127 50% of the light is directed to the sample, allowing us to lowerthe illumination but only 50% of the light collected is directed to theON camera with 50% being sent to the OFF camera. This makes thecollection of light from DMD pixels not set to 100% inefficient.A key goal is not only to control the power delivered to the samplebut also the location of that power, specifically for high-resolutionapplications. To demonstrate the capabilities of the illumination systemwe imaged NIH 3T3 mouse fibroblast cells expressing the cell adhesionmolecule NrCAM [17] through DNA transfection; NrCAM is tagged withan HA epitope recognized by anti-HA antibodies. For STORM imaginga high-power laser as described above is used to project power on tothe sample via the DMD, for the data presented in Fig. 3, the DMD wasaddressed using 1 bit images so the mirrors were either set to ‘ON’ or‘OFF’, i.e. the power delivered to the sample was controlled directly bythe laser power rather than the DMD which only controlled to positionof the power delivered. Fig. 3(A) and (B) show the images collectedby the cameras on the ‘ON’ and ‘OFF’ paths respectively. The samplewas illuminated using the ‘ON’ path, for this work a circle and a heartwere used for ease of recognition. However, any shape could be used,including masks of single cells or subcellular structures could be. Theimage contrast settings of the ‘ON’ and ‘OFF’ images have been alteredto highlight the background in the ‘OFF’ sample, although only lightfrom the DMD ON pixels should reach the sample there is some scatterwhich gives a small uniform background. Fig. 3(B) is the summationof 100 collected ‘OFF’ frames and the area of investigation can be seenshowing several 3T3 cells. Illuminated by this scattered light. Becauselight collected from the sample is also reflected off the DMD, the twoillumination areas defined by the heart and circle shapes are completely
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Fig. 3. Part (A), shows a single frame taken before a STORM measurement taken. Theimage was collected on the ON path with a low intensity illumination source, the sameimage collected on the OFF channel is shown in part (B). The laser power density isincreased to take a STORM data set. After many STORM frames have been collected, thedata was reconstructed using SRRF [22], and is given in part (C). Combining parts (A) and(C) gives the part (D). In parts (E–F) a 3t3 cell has been imaged using targeted STORM. Part(E) shows the sample before illumination, part (F) shows the image collected by the OFFchannel and part (G) shows the STORM reconstruction of the area. The reconstructionshows the network structure associated with NrCAM. The scale bar in all images is 10microns.
missing from the camera image because light from the sample at thatpoint cannot reach the camera. The sample was illuminated and 10k frames were collected, the areas defined showed the characteristicblinking of STORM whereas the areas not defined by the DMD asbeing ‘ON’’ showed no blinking. The frames were analysed using theSuper-Resolution Radial Fluctuations (SRRF) algorithm developed byHenriques et al. [22]. The reconstruction from this is given in Fig. 3(C),while Fig. 3(D) shows an overlay of the high-resolution image on thedata collected by the ‘OFF’ camera. A larger area of a 3t3 cell is imagedin Fig. 3(E–G), here parts (E) and (F) represent the ‘ON’ and ‘OFF’respectively, with the image in part (G) showing the reconstructedSTORM image. Fig. 3 (G) was reconstructed using ThunderSTORM [23],a common ImageJ plugin used for STORM reconstruction.The STORM images shown in Fig. 3 (C) and (G) show the high-resolution localization of NrCAM molecules inside the targeted area.Structures seen in the images can be attributed to the vesicular transportof NrCAM protein through the cell. We saw a higher concentration ofNrCAM near the nucleus which could be the presence of these moleculesinside the endoplasmic reticulum, or in the Vesicular network thatwill carry it to golgi apparatus en route to its normal location at thecell surface. This pattern of expression is typical of cells artificiallystimulated to express high levels of exogenous protein after transientDNA transfection. It is worth noting that the reconstructed images showvery few localization events from the area outside of excitation areaas expected. In both reconstructions, using SRRF and ThunderSTORM,
Fig. 4. Part (A) shows a 3t3 cell under illumination from the DMD illumination system,where the power from the system follows a gradient as shown in the inset of part (A).The STORM reconstruction and the SSRF are given in parts (B) and (C) respectively. Theyellow box shows the area of excitation. (For interpretation of the references to colour inthis figure legend, the reader is referred to the web version of this article.)
the frames of the fields of illumination are classed as structure by thealgorithms. This is likely due to the sharp discontinuity of illumination.Having shown it was possible to deliver enough power to the sampleto induce blinking in the sample. The next step is to introduce morecontrol in to the power delivered. It has been shown that several high-resolution adaptive algorithms [SRRF] can deliver different resolutionsacross an image, which can be dependent on the power delivered tothe sample. With higher power densities generally producing higherresolutions. In Fig. 4 we present STORM images which were collectedby illuminating the sample with a power density which changes acrossthe sample, this is performed by projecting an 8-bit gradient usingthe DMD. Fig. 4 (A) shows a 3T3 cell which has been illuminatedusing the gradient illumination. The gradient is given as an inset tothe Fig. 4(A). The square of the sample illuminated using the gradientis highlighted by a yellow box in the figures. To maximize the signalcollected from the sample the images were collected using the backport of the microscope, this bypasses the DMD on the return path,but as mentioned above does add a slight astigmatism. The samplewas imaged using condition suitable for STORM imaging with thegradient of power applied and ten thousand frames were collected.The resulting frames were analysed using ThunderSTORM Fig. 4(B)and SRRF Fig. 4 (C). The data reconstructed using ThunderSTORMwhich uses a classic LM approach show a good clear reconstructionfor the area of high power illumination. The lower power region ashighlighted in red still received power from the laser via the DMD butat a lower intensity, here fewer events are seen at the reconstructionis quite poor. The SRRF reconstruction given in Fig. 4 (C), shows auniform reconstruction. However, the astigmatism of the system hasimparted structure on to the image. SRRF could reconstruct all areasof the sample, including areas which were not directly illuminated.These areas were excited by scattered light within the system. We haveused two different reconstruction algorithms, one based on localizationmicroscopy (ThunderSTORM) and one based on radial fluctuations(SRRF). In the data analysed with localization microscopy the changein power across the sample acts in a binary fashion, with regions abovea certain power threshold producing single molecule blinking eventswhich can localized, below this power very few events are localized. Forthe data analysed using SRRF we obtain a complete image with evenregions outside of the illumination pattern having structures defined,this is due to a non infinite contrast ratio of the DMD.As shown in Fig. 3(B) the sample receives light in areas not intendedto be illuminated. Although this level of light is low it is still undesirable,to investigate the effect of stray light at the illumination powers usedin STORM we took low illumination light intensity images before andafter the storm imaging. Fig. 5(A–C) shows a 3T3 sample used in thiswork, A is the cell taken before imaging taken with the ON channels atlow light levels, B is taken during the STORM imaging using the OFFcamera, C is the same cell imaged after STORM imaging. Part D, showsthe average signal level taken from two small areas of the sample takenduring 50 frames of imaging. The blue line represents an area of thesample targeted to be illuminated (defined as ON) and the red from an
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Fig. 5. A 3T3 cell is image using STORM, part A shows the sample illuminated under lowpower. The sample is illuminated under high power using a heart shape pattern, a singleframe from the OFF camera is given in part B. After 10 k frames of high illumination thesample was again re-imaged using low power this is given in part C. Finally, part D showsthe average intensity from a region of the sample during illumination for an ON region(BLUE) and OFF region (RED), showing that even the OFF regions are illuminated. (Forinterpretation of the references to colour in this figure legend, the reader is referred to theweb version of this article.).
area not targeted (defined as OFF). In the first 20 frames, there is nolaser illumination, the laser is turned on at the 20th frame. It can be seenin the log plot that light from the laser is reaching the regions of thesample defined as OFF. The ratio between the OFF and ON intensities ison the order of 300. In this work, we apply about 0.5 mW of power perON pixel to the sample, the equivalent power supplied for an OFF pixelis therefore roughly 2 μW.
4. Conclusion
The ability to target laser power to a sample with diffraction limitedresolution can be used to selectively target areas of a sample for high-resolution imaging without damaging other areas of the sample. Theapplication of DMD technology to STORM does not increase the speedof acquisition. It does allow the selection of specific regions of interestwithin the field of view, allowing us to isolate specific regions of thesample in space and time for study though STORM without damagingthe rest of the sample though high illumination powers. However, itshould be possible to apply techniques which measure the resolutionof the image such as Fourier ring correlation (FRC) as described byNieuwenhuizen et al. [24] to the area targeted and stop imaging whena maximum resolution (or required) resolution is achieved. This mayrequire different amounts of time across the image, depending on thesample geometry as discussed by Fox-Roberts et al. [25].It has been shown that the resolutions obtainable with SRRF arepower dependent [22]. As such applying different power densities todifferent areas of the sample, could in the future, be using in conjunctionwith algorithms such as SRRF to sacrifice the imaging resolution againstpower. In this work, we were unable to quantify the direct relationshipbetween power and resolution for SRRF.
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